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Povzetek
Celoten projekt, ki obsega magistrsko nalogo, je bil podprt in ustvarjen znotraj
podjetja Renishaw d.o.o. Slovenija. Podjetje je del skupine Renishaw Group,
ki je eno vodilnih svetovnih inženirskih in znanstvenih tehnoloških podjetij, s
strokovnim znanjem na področju natančnih meritev in zdravstva. Renishaw
d.o.o je osredotočen na načrtovanje namenskih integriranih vezij za specifične
aplikacije (application specific integrated circuit -ASIC). CMOS foto-diode oz.
t.j svetlobni senzorji.
Po vsaki izdelavi novega slikovnega senzorja je potrebno preveriti, ali sen-
zor deluje tako, kot je bil načrtovan. Fizično merjenje parametrov je obvezen
postopek preden se tovrstni senzorji vgradijo v nove aplikacije. Obstaja veliko
parametrov, ki določajo kakovost prenosne funkcije svetlobnega senzorja oz. t.j
namenskega polja foto-diod. Naloga zajema podroben opis izvorov šuma v trans
impedančnem merilnem sistemu, ki je namenjen merjenju toka foto-diod.
Z namenom, da bi lahko pomerili karakteristiko foto-diod izdelanih v različni
topologijah podjetja Renishaw d.o.o smo najprej izdelali elektronsko vezje, ki
je v osnovi sestavljen iz šestnajstih kanalov trans-impedančnega operacijskega
ojačevalnika. Naloga zajema podroben opis izvorov šuma v trans impedančnem
sistemu, ki je namenjen merjenju toka foto-diod. Vezja, namenjena merjenju
nizkih tokov predstavljano poseben analogni načrtovalski izziv.
Glavni del naloge je poznavanje izvorov napak in šumov v sistemu ter po-
znavanje njihovih prispevkov na izhodu. S tem namenom smo podrobneje
obravnavali šume v vseh elementih. Najprej smo obravnavali foto-diodo in
šume ki so prisotni v p-n spoju. Termični šum je temperaturno odvisen in
se veča z vǐsanjem temperature. Odvisen je tudi od velikosti upora. Večji
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upor kot imamo, večji je termični šum. Ni pa odvisen od toka, ki teče skozi
upor. Eden izmed šumov v foto diodi je tudi šum hrupa (shot noise). Iz-
vira iz diskretne narave električnega naboja. 1/f šum, je frekvenčno odvisen
in je prisoten v vseh elektronskih napravah/elementih. Določen prispevek
negotovosti k izhodni meritvi prinese tudi temni tok foto-diode, ki je tempe-
raturno odvisen. Z računom smo pokazali, da se temni tok na vsakih 6K podvoji.
Obravnava šumov operacijskega ojačevalnika zahteva svoje podpoglavje.
Najprej smo obravnavali neidealnosti operacijskega ojačevalnika. To sta vhodni
tok operacijskega ojačevalnika in vhodna ničelna napetost, ki ju pri merjenju
nizkih tokov, ne smemo zanemarit. Neidealnosti operacijskega ojačevalnika
prinesejo sistemsko napako na izhod.
Frekvenčna analiza vezja prinese pomembne ugotovitve k razumevanju celotnega
vezja. Zavedati se moramo, da so izvori vseh šumov v sistemu frekvenčno
odvisni. Mejno frekvenco, do kje bodo šumi ojačani določimo s kondenzatorjem
in upornikom, ki sta vezana v povratno vezavo. S povratnim upornikom
določamo ojačanje vhodnega signala. Izbira kondenzatorja v povratni vezavi
je zelo pomembna saj z njim zagotovimo tudi stabilnost sistema, ki je poleg
povratnega kondenzatorja odvisna tudi od kapacitivnosti bremena. Pomembna
ugotovitev je ta, da z večanjem povratnega kondenzatorja manǰsamo pasovno
širino sistema in s tem večamo razmerje med signalom in šumom.
Podrobneje smo obravnavali tudi šume operacijskega ojačevalnika in nji-
hov prispevek na izhodu ojačevalnika. Kolikšen prispevek napake zaradi
določenega šuma je pogojen s prenosna funkcija in šumno pasovno širino.
Obravnavamo tudi termični šum povratnega upornika in napako, ki jo prinese
toleranca. Povratni upornik Rf je 10MW, njegova toleranca pa znaša 1%. Na
koncu drugega poglavja so računi, kjer je izračunano razmerje med signalom in
šumom (SnR). Nato sledi še obravnava merilne naprave s katero merimo izhodno
napetost. Pomembno je poznavanje ločljivosti sistema s katerim opazujemo
merjen signal in poznavanje njegove vhodne impedance.
Po dobro analiziranem sistemu smo izbrali ustrezne elemente, ki sestavljajo
tiskano vezje. Pri konstrukciji tiskanine smo se veliko časa ukvarjali s samo geo-
metrijo in postavitvami šestnajstih kanalov. Pomembno je, da so povezave med
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foto-diodo in vhodom v operacijski ojačevalnik čim kraǰse, hkrati pa tudi enako
dolge za vseh šestnajst kanalov. Pomembno je tudi, da se te povezave, ki predsta-
vljajo visoko impedanco zaščiti pred morebitnimi motnjami in tokom uhajanja,
ki se generira na površini ploščice. Da bi preprečili vpliv zunanjih motenj smo
izdelali tudi kovinsko ploščico, v kateri je tiskano vezjem med izvajanjem meritev.
Da bi preverili delovanje ploščice smo izdelali merilni sistem, ki meri odziv
foto-diod na stopničast signal. Pomemben del izgradnje eksperimenta je sama
zasnova postavitve. Pomembno vlogo ima tudi izgradnja optičnega sistema saj
želimo čim ostreǰsi prehod svetlobe iz temnega območja na svetlo. Merilni sistem
smo avtomatizirali do te mere, da sistem sam zajema podatke medtem ko se
svetlobni rob s korakom 1µm premika po površini foto-diod.
Izdelano ploščico smo uporabili tudi pri merjenju temnega toka. Eksperi-
ment je sestavljen tako, da je čip s foto-diodami med meritvijo v temperaturni
komori. Temperaturo spreminjamo od 25°C do 125°C. Pri ustaljeni temperaturi
zajamem pet meritev in jih nato povprečimo. V zaključku pa so predstavljeni
napotki, ki jih priporočamo pri nadaljnjih raziskavah.
Ključne besede: Šum, merjenje karakteristike foto-diod
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Abstract
This masters thesis describes the design and characterization of a low-noise cir-
cuit that makes it possible to measure the transfer function of a custom photo-
diode array using Knife-edge method. The most important errors of the trans-
impedance amplifier and external components that contribute to the uncertainty
of the measurement are analyzed. Dark current effect and its temperature depen-
dence are also included in the analysis. In addition we describe the experiment
and results of the measurements using Knife edge method to obtain the MTF
(modular transfer function). In this experiment, a light edge is first aligned with
the edge of the photodiode and then moved across the surface of the photo-diode
until the entire photodiode is lit. Measurement of the photo-diode current during
that experiment gives a modular transfer function (MTF).
Key words: Noise, measuremnet characteristics of photo-diode.
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1 Introduction
Sensors like photo-diode which are image sensors are implemented in various kind
of technologies. There is a competition between CMOS and CCD image sensors
devices. Both have disadvantages and advantages by technology itself. Also
different photodiode structure designs have different performance characteristic,
even if they are made in the same technology.
The entire project of master’s thesis, was supported and created in com-
pany Renishaw d.o.o. Slovenia. The company is part of the Renishaw Group,
one of the world’s leading engineering and science technology companies, with
expertise in multiple precision healthcare metrics. Renishaw d.o.o is focused
on designing dedicated integrated circuits for specific applications (Application
Specific Integrated Circuits -ASIC). The company made a new section of photo
detectors. Each new image sensor that is manufactured, had to be verified, so
that the sensor is working as expected. Physical measurement of its parameters
is necessary for every new photo-diode.
For this reason we designed and characterized a low noise circuit for mea-
suring transfer function of custom integrated photo-diode array. When
constructing the TIA for certain photo-diode, three important things have to be
determined; how much gain is needed, what bandwidth has to be achieved and
what is the highest noise that can be tolerated. Photo-diode signal is usually very
small. Manufacturers specify how much current can be generated for a certain
incident light power. A large area photodiode produces more current in response
to incident light [4]. In order to measure the trans impedance characteristic of
the array photodiode, we first design the electronic circuit, which is basically
a trans-impedance operational amplifier. It is necessary to calculate all DC
1
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errors and be aware of all noise sources that bring imprecision to our output
voltage. Only in this way we can determine exactly what error our measured
output voltage has and what is the signal-to-noise ratio (SNR). Evaluating the
error fault and noise of the output voltage is the main part of this master’s thesis.
In the Chapter 2 we analyses the photo-diode equivalent circuit and the
source of the noise in trans impedance amplifier. Follows a discussion of the
dark current, which is one of the major error contribution in photo-diode and
is temperature dependent. The contribution of the measured error also comes
from the operational amplifier.
Then in Chapter 3 we explain the design. In the Chapter 4 we describe
Knife edge experiment which is the ISO 12233 standard to measure Modulation
Transfer Function (MTF) of digital input devices using a normalized reflective
target based on a slanted-edge methode [5].
In Chapet 5 measurements of dark current are performed. We did the experi-
ment, where we swift temperature from 25° to 125°. To conclude the thesis we
describe what should be done in future work.
2 Measurements of photo current with
Transimpedance amplifier (TIA)
Trans-impedance amplifier (TIA) is a current to voltage converter. The TIA
can be used to connect the current output of photo sensors to a usable voltage.
The trans-impedance amplifier presents a low impedance to the photodiode and
isolates it from the output voltage of the operational amplifier. In addition, it
provides appropriate voltage to set the operating point of a photo-diode (reverse
biased). In its simplest form a trans-impedance amplifier has just a large valued
feedback resistor Rf , which sets the trans-impedance of the amplifier [6].
Figure 2.1: TIA configuration in its simplest way.
There are several different configurations of trans-impedance amplifiers, each
suited to a particular application. The one factor they all have in common is the
requirement to convert the low-level current of a sensor to a voltage. The gain,
3
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bandwidth, as well as current and voltage offsets change with different types of
sensors, requiring different configurations of trans-impedance amplifiers.
If the voltage on the photo-diode is 0V, then the error due to offset volt-
age may cause a current in the forward direction. This current is not photo
current. Therefore, we have to ensure that the voltage on positive input of the
op-amp (agnd) is always higher than the anoded of photo-diode, which ensures
that the photo-diode is always reversed biased.
Figure 2.1 shows the configuration of trans-impedance amplifier interfacing
a photodiode operating in photovoltaic mode. In zero bias or photovoltaic mode,
photocurrent flows out of the anode through a diode to the cathode. This is
the configuration that will be used in measurements of a photodiode. Ideally,
trans-impedance amplifier converts the signal current Ip into an output voltage
with the following equation:
Vout = Rf Ip (2.1)
where:
Vout is output voltage.
Rf is the resistor in feedbeck loop.
Ip is the photo current flowing through a photodiode.
A photodiode produces an output current Ip proportional to the illumina-
tion level see equation (2.2). Photodiodes are semiconductor devices able
to absorb photons and generate an electrical current called photocurrent Ip.
Presence or absence of light can be detected by photodiodes. They have similar
structure as p-n junction diodes. A p-n junction can be formed by diffusing an
opposite dopant type in either p-type substrate, in which case the diffused area
defines the active area of the photodiode. When the energy of a photon is equal
to or greater than the band gap of the material, the photon is absorbed by the
material and excites an electron into the conduction band. Both a minority and
majority carriers are generated when a photon is absorbed [7]. The generation
of charge carriers by photons is the basis of the photovoltaic production of a
photo-current as shown on Figure 2.2 and expressed by equation 2.2.
5
Figure 2.2: Absorption of light energy in the p-n junction.
Ip = Isat(e
e0Vλ
kbT − 1) (2.2)
where:
Ip is photo-diode current.
Isat is the reverse bias saturation current for an ideal p-n diode.
E = Vλ · e0 =
hc
λ
· e0 is energy at a given wavelength of light in eV , where e0 is
elementary charge e0 = 1.602 · 10−19As andVλ is a voltage at a given wavelength
of light .
λ is wavelength of light in [m].
kb = 1.308 · 10−23
J
K
= 8.617 · 10−5 V e0
K
is Boltzmann constant.
T is temperature in [K].
h = 4.135 ·10−15e0V s is Planck constant.
c = 3 · 108 m
s
is speed of light.
Photo-diodes with different topologies (produced by Renishaw d.o.o), that
will be used in the light sensor, detecting the movement, will be measured in this
work. The quality of the light sensor depends on the quality of the photo-diodes
(speed and responsivity of the photo-diode can be controlled by the thickness
of the bulk substrate). Photo-diodes are typically laid out in parallel (see
Figure 2.3). Sometimes are connected in parallel, for measurement purposes.
6 Measurements of photo current with Transimpedance amplifier (TIA)
But typically they are connected individually. Each diode has its own pad.
Important parameter is the sensors modulation transfer function (MTF), which
can be calculated from the measurements. More about the MTF function
in Chapter 4. Ideally, TIA output voltage is proportional to the product of
Figure 2.3: Photo-diodes produced by Renishaw d.o.o..
photo current Ip and feedback resistance Rf , however, in reality many non-ideal
effects corrupts the result, and we need to understand their contributions to the
measured output voltage of the TIA.
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2.1 Photocurrent measurement errors
Generally, measurement errors are classified into two types: systematic and ran-
dom errors. Our measurement system will contain both types of errors. System-
atic errors will include errors that do not change from measurement to measure-
ment and during measurement, but still bring an error to the measured voltage.
Random errors, however, are errors that are unpredictable and change from mea-
surement to measurement and during measurement.
In the following, we will first look at the source of systematic and random TIA
errors. Then we will choose right components, taking into account the require-
ments of TIA related to expected precision. At the end of chapter 2 we will make
an example where we will calculate the accuracy of output voltage, and perform
the simulation with LT-Spice.
2.1.1 Photodiode model
Ideally, a model of a photo-diode is built as an ideal diode D (n − p junction)
in parallel to a current source, junction capacitance Cj and shunt resistor Rs.
Equivalent circuit model for one photo-diode is shown on figure 2.4. Resistor
Ra and Rc are series resistances at the cathode and anode side and are depen-
dent on geometry of a photo-diode and the technology. Junction capacitance is
proportional to the diffused area (Equation: 2.4). For the best photo-diode per-
Figure 2.4: Equivalent circuit for photo-diode.
formance, high value of the shunt resistance Rs is needed. Rs is calculated from
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the current-voltage slope of the exponential diode curve near zero bias voltage
(Figure:2.8). Although an ideal photo-diode should have an infinite shunt resis-
tance [1]. Typical values are from 1GW to 1000GW. To simplify the model of a
photo-diode, the resistances Rs, Rc, Rl and Ra will be replaced by substitute
resistance Req. Rl is a load resistance and represents the input resistance of the
TIA.
Figure 2.5: Circuit of a photo-diode with equivalent resistance Req [1].
Req =
Rs(Ra +Rc +Rl)
Ra +Rc +Rl +Rs
(2.3)
Req is equivalent resistance which will be used for future representations of shunt
resistor or photodiode Rshunt. It is calculated from equation 2.3, where Rc, Rl
and Ra are in series and in parallel with Rs.
The junction capacitance Cj models the depletion capacitance of the diode shown
in Equation:2.4. The boundaries of the depletion region act as the plates of a
parallel plate capacitor (Figure:2.6). The junction capacitance is proportional to
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Figure 2.6: Planar diffused silicon photo-diode.
the diffused area and inversely proportional to the width of the depletion region.
In addition, Cj is dependent on reverse bias voltage; higher resistivity substrates
have lower junction capacitance. Junction capacitance in [F] can be calculated
by equation 2.4.
Cj =
AϵSi
Wd
=
A · 11.68 · ϵ0
Wd
[F ] (2.4)
where:
A is diffused area.
ϵ0 = 8.854·10−14
F
cm
and is the permittivity of free space.
ϵSi = 11.68 · ϵ0
F
cm
and is the permittivity of silicon.
Wd is depletion depth and it is : Wd =
√
2ϵ0ϵSiµρ(VA + Vbi) [cm]
where:
µ = 1400
cm2
V s2
is the mobility of the electrons at temperature 300 K.
ρ is the resistivity of the silicon in [Wcm].
Vbi is the built-in voltage of silicon in [V].
VA is the applied bias in [V].
Photodiode junction capacitance Cjunction, TIA input capacitance Copa,
and trace capacitance Ctrac are lumped into a single element Cshunt which is:
Cshunt =
Ctrac · Cop
Ctrac + 4Cop
+ Cj (2.5)
From now on we can use simplified model shown on lower part of Figure 2.7 as the
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Figure 2.7: Circuit with equivalent Cshunt capacitance.
replacement model of the photo-diode. Now let’s take a look at the characteristic
feature of the photodiode presented on Figure 2.8. The current-voltage charac-
teristic of a photodiode with no incident light is similar to a rectifying diode.
When the photodiode is forward biased, there is an exponential increase in the
current [1]. When a reverse bias is applied, a small reverse saturation current
appears. From equation 2.2, three various states can be defined:
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Figure 2.8: DC Characteristic of a photo-diode.
1. V = 0
In this state, the current becomes the reverse saturation current.
2. V = +V
In this state the current increases exponentially. This state is also known
as forward bias mode.
3. V = −V
When a very large reverse bias is applied to the photodiode, the dark current
becomes the reverse saturation current, ISat.
2.1.1.1 Noise sources in a photo-diodes
Noise is an arbitrary signal. The signal amplitude is unpredictable. As a result
there is a Gaussian spread around zero and the average value is zero. Also,
all possible pulses seem to be present, i.e. sharp ones and wide ones. In order
to be able to describe noise we have to take the power of the noise as shown
in Figure 2.9. The average versus time is now the average noise power. It is
clearly not zero but it averages out the peaks over a specific amount of time.
Fourier has explained how to convert any signal versus time into a signal versus
frequency. For noise, we obtain a curve which consists of two regions. The region
of white noise is flat and extends to very high frequencies (1013Hz) and the
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Figure 2.9: Noise vs. time.
region at low frequencies, which is called pink or 1/f noise as the noise power
is inversely proportional to the frequency. The noise density is now the noise
power in an elementary small frequency band df usually 1Hz; its dimension is
V 2/Hz. Taking the square root yields VRMS/
√
Hz. The integrated noise is the
total noise power between two frequencies. This integral is easily taken when the
noise is white or flat. It is proportional to the difference in frequency. Noise is
therefore integrated on a linear frequency axis (see Figure 2.10). The integrated
Figure 2.10: The regions of white and 1/f noise [2].
noise (or also total noise) has V 2 as a dimension or VRMS when the square root
is taken. The calculation of the integrated noise in the 1/f noise region involves
another integral. The main point is not to omit the lower bound frequency.
Theoretically, 1/f noise would go to infinity and so does the integrated noise [2].
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Noise density: dVn
2 in [
V 2
Hz
] or in [
VRMS√
Hz
]
Integrated noise is the total noise from f1 to f2 :
VRMS = V12 =
√∫ f2
f1
dVn
2df =
√
(f1 − f2)dVn2
a) Thermal noise or Johnson Noise
A resistor of the photo-diode gives thermal noise. It is modeled by
a voltage source in series or a current source in parallel to the resistor
(see Figure 2.11). Noise power of a resistor is proportional to the resistor
Req of the photo-diode, to the absolute temperature in Kelvin [K] and
to the bandwidth df (equation 2.6). It does not depend on the actual
current flowing through the resistor. Cooling down will therefore reduce
the noise [8].
Figure 2.11: Thermal noise modeled by a voltage source in series with resistor
Req of photo-diode.
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dVTheeq
2 = 4kbRTdf (2.6)
where:
dVTheeq
2 is voltage noise density in [
VRMS√
Hz
].
kb = 1.308 · 10−23
J
K
= 8.617 · 10−5 V e0
K
is Boltzmann constant.
T is temperature in Kelvin.
R = Req of a photo-diode.
V 2therpd =
∫ ∞
0
dVTheeq
2
1 + (
f
BW
)2
(2.7)
where:
V 2therpd is total average voltage noise power by two in in [V
2], lit
V 2therpd = 4kbReqT
∫ ∞
0
df
1 + (
f
BW
)2
(2.8)
where:
substitution: x =
f
BW
df = BW · dx
The integral with substitution x is:
V 2therpd = 4kbReqT
∫ ∞
0
BW · dx
1 + x2
Signal bandwidth BW =
1
2 · πRfCf
is a bandwidth of TIA, because we
assumed that op-amp is ideal. In this condition Cshunt is unimportant. We
can put BW before integration.
The integral of
∫∞
0
dx
1 + x2
=
π
2
The total thermal noise is then calculated from the equation 2.9 [2]:
V 2therpd = 4kbReqBW ·
π
2
(2.9)
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where:
BWn = BW ·
π
2
BW is bandwidth of TIA and BWn is noise bandwidth of
TIA.
Figure 2.12: Signal and noise bandwidth.
VRMS = V12 =
√
V 2therpd [V ]
The equivalent equation for calculating current thermal noise is:
I2Rther =
4kbTReq
(Req)2
·BWnTIA =
4kbT
Req
·BWnTIA (2.10)
We assume that the equivalent resistance of photo-diode Req is approxi-
mately 1GW. Thermal noise is filtered by Cf and Rf low pass filter of TIA.
Thermal noise of a resistor Req at T = 300K in [A
2] is;
where:
Req = 1GW
Rf = 10 MW
Cf = 82 pF
BWTIA =
1
2·πRf ·Cf
= 194.09Hz
BWTIAn =
1
2·πRf ·Cf
· π
2
= 304, 8Hz
I2Rthereq =
4kbT
Req
·BWnTIA =
4kbT
Req
·BWTIA ·
π
2
=
4kbT
Req
· 1
2 · πRf · Cf
· π
2
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I2Rthereq = 4.79 · 10
−27A2
b) Shot noise
Also known as Poisson noise, is a type of noise that can be modeled
by a Poisson process. Shot noise originates from the discrete nature of
electric charge and also occurs in photon counting in optical devices, where
is associated with the particle nature of light [9]. Shot noise is calculated
from Equation:2.11.
I2sn = 2qIpBWn (2.11)
where:
I2sn is total current noise [A
2].
e0 = 1.6 10
−19C is the charge on an electron.
Ip is the photo current flowing through a photodiode [A].
BWn is a TIA noise bandwidth [Hz].
In electronic circuits shot noise consists of random fluctuations of
the electric current in a direct current (DC) which is a consequence
of a flow of electrons with discrete charges. Shot noise is of relative
insignificance in many cases of electrical conduction, for instance 1A of
current consists of about 6.24 · 1018 e−/s. Even though this number will
randomly vary by several billion in any given second, such a fluctuation
is usually small compared to the current itself. However, if the current
is in pA range than its contribution can be significant. Let’s look at the
numerical example:
For: I = 1A
———————————————————–
δI = 5.65 · 10−10A
Relative error is: ϵr = 5.65 · 10−10
For current: I = 1pA
————————————————————
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δI = 5.65 · 10−16A
Relative error is: ϵr = 5.65 · 10−4
Shot noise is often less significant compared to two other noise sources:
flicker noise and Johnson–Nyquist also known as Thermal noise. The main
difference is that a shot noise is temperature and frequency independent.
Johnson–Nyquist noise is proportional to the temperature, while flicker
noise has the spectral density decreasing with increasing the frequency.
Therefore, at high frequencies and low temperatures shot noise may become
the dominant source of noise [2].
When the diode current goes to zero the shot noise remains because
zero average current out of diode simply means that the saturation current
flowing in one direction is at thermal equilibrium with the saturation
current flowing in the opposite direction lit.
I2sn(250n) = 2e0250 · 10−9
1
2 · πRf · Cf
· π
2
= 2.44 · 10−23A2
I2sn(1n) = 2e01 · 10−9
1
2 · πRf · Cf
· π
2
= 9.76 · 10−26A2
c) Flicker noise
It is a type of noise with a 1
f
power spectral density. In electronic
devices it shows up as a low-frequency phenomenon, as the higher frequen-
cies are overshadowed by white noise from other sources [10]. A small thin
film diode gives a significant amount of flicker noise. A measurement on
one single device is not relevant. Average has to be taken over hundreds of
devices. The equation to calculate current flicker noise is:
dI1/fpd
2 = Ip ·
KFdiod
Adiod
· f
df
(2.12)
where:
dI1/fpd
2 is current noise density in [
ARMS√
Hz
].
Ip is photo current.
KFdiod = 10
−23Am2 is constant dependent on technology in which photo-
diode is made .
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Adiod = l · h = (8 · 1000)µm2 = 8000µm2 and it is the photo-diode surface.
For photo current of Ip = 250nA and Ip = 1nA the
1
f
noise power
spectrum density look like the plots presented in Figure 2.13
Figure 2.13: Plot of 1/f or flicker noise of a photo-diode for Ip = 250nA and for
Ip = 1nA.
I2flicker(Ip = 250nA) = 5.98 ·10−23A2 at BWn = 304.87Hz
I2flicker(Ip = 1nA) = 2.385 ·10−25A2 at BWn = 304.87Hz
Equivalent noise current of a photo-diode can be calculated according to equa-
tion 2.13.
In =
√
I2Rthereq + I
2
sn + I
2
flicker (2.13)
Let’s calculate the total noise of photo-diode at Ip=250nA and Ip=1nA in a
BWTIAn = 304.8 Hz and at T =300°C.
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Figure 2.14: Equivalent circuit of photo-diode including noise source.
In(250n) =
√
4.79 · 10−27A2 + 2.44 · 10−23A2 + 5.98 · 10−23A2 = 9.176 · 10−12A
In(1n) =
√
4.79 · 10−27A2 + 9.76 · 10−26A2 + 2.385 · 10−25A2 = 5.83 · 10−13A
2.1.1.2 Dark current
All photodiodes are affected by changes in temperature. They include shunt
resistance, dark current, breakdown voltage, responsivity. Dark current refers
to the unwanted excess leakage current of a p − n junction even when it is not
exposed to the light. The origin is in the predominant temperature dependence
of the intrinsic concentrations [11]. In the reverse direction of p-n junction, the
saturation current flows, which is described by equation 2.14:
Is = Ae0n
2
i (
Dn
LnNA
+
Dp
LpND
) (2.14)
where:
A is surface of one photo-diode in [m2].
e0 is elementary charge in [C].
ni is intrinsic concentration of doped carriers in [cm
−3].
Dn is diffusion constant of electrons [
cm2
s
].
Dp is diffusion constant of gaps [
cm2
s
].
Ln is diffusion length for electrons [cm].
Lp is diffusion length for the gap [cm].
NA is the concentration of acceptors[cm
−3].
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ND is the concentration of donors [cm
−3].
Diffusion length is average length, in which the minority carriers reach be-
fore they recombinase in average life time τn, τp.
Ln =
√
Dnτn
Lp =
√
Dpτ
The intrinsic concentration is calculated from electron concentrations in
the conduction band n (see equation 2.15) and the concentrations of gaps p in
the valence band (see equation 2.16).
n = NCe
−
EC − EF
kbT (2.15)
p = NV e
−
EV − EF
kbT (2.16)
where:
NC is a semiconductor material constant called the effective electron concentra-
tion at the edge of the conduction band and it is calculated by equation 2.18:
NC = 2 · (
2πmnkbT
h2
)
3
2 (2.17)
and NV is the semiconductor material constant, called the effective concentration
of the gap at the edge of the valence band. It is calculated by:
NV = 2 · (
2πmpkbT
h2
)
3
2 (2.18)
The only difference is in effective mass of electrons and gaps. Effective mass
of electrons is slightly bigger than effective mass of gaps (mn > mp). At room
temperature, theNV andNC for Si are: NV = 2.92·1019 cm−3 andNV = 1.14·1019.
The intrinsic concentration is then calculated as:
p · n = n2i = NC ·NV e
−EC−Ev
kbT = ACV T
3e
−
EG
kbT (2.19)
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where:
ACV = Nc ·Nv = 32(
πkb
h2
3
) · (mnmp)
3
2 · T 3 .
EG is energy gap of semiconductor. The equation 2.14 is simplified and
expressed with parameters that are temperature dependent. All parameters that
are not temperature dependent are united in constant K.
Is(T ) = Kn
2
i (T ) (2.20)
The relative temperature dependence can be calculated by derivation of 2.20
over temperature by Is to get the equation 2.22. Here we ignore temperature
dependence of Eg.
∂Is(T )
∂T
= K
∂
∂T
(ACV T
3e
−EG
kbT ) (2.21)
1
Is
∂Is
∂T
=
3
T
+
EG
kbT 2
(2.22)
Let us calculate the temperature dependence of a silicon diode near the room
temperature (300K) [11].
1
Is
∂Is
∂T
=
3
300K
+
1.12 · 1.6 · 10−19AsV
1.38 · 10−23AsV K−1 · (300)2
= 0.154K−1 = 15.4%K−1
Since a diode is built to produce a current proportional to the light, a
dark current produces an error, which is temperature dependent that compli-
cates the measurements further. Dark current is the main source of the spatial
noise in image sensors such as charge-coupled devices. Therefore, it is very
important to measure the dark current for different photodiode topologies. Only
in this way, we will be able to choose the optimum topology. Figure: 2.15 shows
equivalent circuit of a photo-diode with dark current in parallel.
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Figure 2.15: When the photodiode is not illuminated, the current generated is
temperature dependent and the origin is in intrinsic concentration. The current
is called dark current.
2.1.2 Operational amplifier (op-amp) errors
The next important element, which greatly influences the accuracy of measured
output voltage, is the operational amplifier (op-amp). In electronics, we often
ignore the input bias current Ib, the offset voltage Vos, and other non-idealities of
the op-amp if measured voltages are relatively large.
Table 2.1: Comparison between different op-amps.
LTC6269 ADA4530-1 LMP7721 OPA4204 LTC2063
Input offset cur-
rent Ios [fA]
640 (max) 20 (max) 40p (max) 4.5n (max) 1p (max)
Input bias cur-
rent Ib [fA]
320 (max) 20 (max) 320 (max) 4.5n (max) 0.5p (max)
Input voltage
noise density en
[nV/sqrt(Hz)]
4.3@10Hz 80@10Hz 7.5@400Hz 3.3@10Hz 230@100Hz
Input current
noise density in
[fA/sqrt(Hz)]
5.5 0.07@0.1Hz 500f@1kHz 12
GBW [MHz] 500 5.5 0.5 18 20
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In selecting the appropriate op-amp, we mainly focus on input offset current,
input bias current, input voltage noise density en, input current noise density
and GBW. We decided for ADA4530-1 amplifiers [3] because of its low input
bias current, low offset voltage and acceptable GBW and also because it has the
smallest input current noise density. The Table 2.1 shows comparison between
different op-amps.
Now let’s look at the most important parameters of the op-amp ADA4530-1 (see
Table 2.2), that are important for our circuit and later for our printed circuit
board (PCB).
Table 2.2: Most important ADA4530-1 specifications for measuring low currents.
Parameters (at 25°C fot 10V supply voltage) ADA4530-1
Input offset current [fA] typ 1
Input bias current [fA] typ 1
Input voltage offset [µV ] typ 8
Input voltage noise density[nV/
√
Hz] 80 @10 Hz
Input current noise density [fA/
√
Hz] 0.07@0.1Hz
Gain bandwidth [MHz] 5.5
Isource [mA] 15
Isink [mA] -30
Slew Rate [V/µs] 1.4
Offset voltage drift [µV/°C] +0.13
Figure 2.16: Pin configuration of ADA4530-1 [3].
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The definition from [3]:
The ADA4530-1 is an operational amplifier specifically designed to interface
with the extremely high impedance sensors used in electrometer applications. A
MOSFET input stage eliminates the gate leakage currents associated with legacy
junction gate field effect transistor (JFET) electrometers. The ADA4530-1
achieves extremely low input bias currents while simultaneously providing robust
protection against ESD damage.
In our case, the photo-diode at the input of the op-amp generates a cur-
rent in the nA range and therefore all earlier listed parameters are very
important. We want them to be small. In particular, input bias Ib needs to be
at least 100 times smaller compared to photo-diode current Ip. Let’s calculate
the ratio between our smallest photo-diode current and input bias current of
op-amp.
Ip = 1nA
IIb = 1fA
RATIO = Ip
Ib
=
10−9
10−15
= 106
The ratio is large enough so we can neglect influence of the input bias
current of op-amp. In addition, a small offset voltage Vos of the amplifier is
required. Let’s look at the main reasons why is it so.
2.1.2.1 Direct current (DC) error analysis
Our equivalent circuit or system is linear, so we can use the superposition
theorem. The output voltage Vout is calculated as a function of all contributions
of input DC voltage and current sources. This is done by calculating the response
at the output for each DC input and sum them up. We have to place all other
DC current sources in the open terminals. Also all DC input voltages have to be
in short circuit. The contributions of all input sources are then summed up.
A simplified model of the op-amp and photo-diode is presented on Figure 2.17.
The positive terminal has an input voltage Vos and the negative terminal
has input bias current Ib. Op-amp DC contributions are colored green [3].
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Figure 2.17: TIA circuit with DC errors ( input bias and offset voltage of op-amp)
and equivalent circuit of a photodiode.
However, the DC contribution of the Ip photodiode is colored orange and also
the photo-diode resistance Req.
The contributions are:
1.) Input bias current of op-amp Ib;
In this case Vos is in short circuit and Ip is in open loop as shown on Figure 2.18.
Figure 2.18: TIA circuit with one DC error. Principe of superposition for calcu-
lating output voltage due to Ib.
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It’s output voltage is due to Ib of the op-amp:
VoutIb = Ib · Rf (2.23)
2.) Photo-diode current Ip;
Vos =0 in short circuit and Ib = 0 is open circuit.
The equivalent circuit is almost the same as in Figure: 2.18 only the Req and Ip
are in parallel. Simplified equation is:
VoutIp = Ip · Rf (2.24)
3.) Input voltage offset of op-amp Vos;
Ip = 0 and Ib = 0 are in open circuit.
The output voltage due to Vos is:
Voutos = Vos · (1 +
Rf
RShunt
) (2.25)
This is basically equation of non-inverting op-amp. To simplify the equation, we
can estimate the size of photodiode resistance Rshunt. Assuming that it is 100
times greater than the feedback resistor Rf . The equation is simplified because
the fraction
Rf
Rshunt
=
10 · 106W
1 · 109W
= 0.01
is small and we simplify it to zero as shown in equation 2.26.
VoutVos = Vos · (1 + 0) = Vos (2.26)
The sum of all DC sources at the output is calculated form equation: 2.27.
VoutDC = VoutIb + VoutIp + VoutVos (2.27)
Let’s now calculate all output DC errors for op-amp ADA4530-1, feedback resistor
Rf = 10MW and capacitor of Cf = 82pF (Cf is irellavant for DC).
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Ib = Ib−typ + Ioffsettyp = 2fA
Vostyp = 8µV
Rf = 10MW
———————————–
VoutDC (250n) = 0.02µ V + 8µ V + 2.5V = 2.50000802 V
VoutDC (1n) = 0.02µ V + 8µ V + 0.01V = 10.00802 mV
The contributions of errors are so small (< 1%), so they can be ignored.
2.1.2.2 Alternating current (AC) error analysis
Photo-diode TIA circuits typically require external bandwidth limitation to give
satisfactory noise and dynamic performances. The usual method to recover this
Figure 2.19: AC model of TIA circuit with photodiode.
phase is to create a zero in the feedback with the addition of the feedback capacitor
Cf . One way of analyzing this circuit is by examine the transfer function of TIA
circuit. Output voltage in s domain is see equation: 2.28.
Vout = Ip · Zf = Ip ·
Rf
1
sCf
Rf +
1
sCf
= Ip ·
Rf
1 + sCfRf
(2.28)
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Where s in the complex frequency variable. Simulation in LT Spice show similar
characteristics. For start, we assume that all elements are ideal and also the op-
amp. Figure 2.20 shows trans-impedance vs. frequency (black) and the phase vs.
frequency (blue). The TIA with Rf and Cf has first order transfer function with
Figure 2.20: TIA transfer function (black) and phase vs. frequency function
(blue).
cut off frequency equal to ωp =
1
RfCf
which is a low pass filter characteristics.
For the 1st order system the phase at wp is 45° as shown on the Figure 2.20. The
filter is characterized by its cutoff frequency where the filter attenuates the input
signal current by 1/
√
2 or 3dB [2]. TIA system is simulated with Rf=10MW and
Cf = 82pF . The cutoff frequency is around 194Hz with Rf and Cf given above
and agrees with theoretical pole frequency.
2.1.3 Influence of feedback resistors thermal noise
A resistor Rf gives thermal noise. It is modeled by a voltage source in series.
Feedback resistor and its noise source are painted violet on Figure 2.21. The noise
voltage density is proportional to the resistor, to the absolute temperature in K
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and kb. The noise density of feedback resistor is calculated at T = 300K.
VndTheRf
= 4kbTRf = 1.57 · 10−13
V√
Hz
2.1.4 Contribution of all noise sources at output of TIA
Equivalent circuit or system is linear, so we can add squered contribution of
the output of each source as we did in section of op-amp DC errors. The output
voltage VoutDC is calculated as a function of the all contributions of noise sources in
TIA. This is done by calculating the response at the output for each noise source.
Figure: 2.21 shows all noise sources that contributes to output noise. Op-amp
Figure 2.21: TIA with all noise sources.
noise sources are colored green, photodiode noise source is colored orange, and
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noise source of feedback resistor is colored violet. Let’s now look the contributions
of all sources.
1.) Thermal noise of the photo-diode.
We assume that the thermal noise of the photo-diode VTheeq is the only
noise source in the circuit. Other noise sources are in short circuit. The
Figure 2.22: Thermal noise of Req is the only noise in TIA.
equivalent circuit is inverting op-amp (see Figure 2.22). It’s output voltage
density is calculated from equation 2.29.
VndoutTheeq =
⏐⏐⏐⏐⏐−ZfReq
⏐⏐⏐⏐⏐ · VndTheeq (2.29)
where Zf is impedance of feedback resistor and capacitor Rf = 10MW and Cf =
82pF :
Zf =
Rf
1 + sCfRf
(2.30)
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From equation2.9 we can calculate noise density at the op-amp input at T =
300K and Req = 1GW:
VndTheeq = 4kbTReq = 1.56 · 10
−11 V√
Hz
Figure 2.23: Theoretical calculation of VndoutTheeq transfer function.
VndoutTheeq = 0.000707 · 1.56 · 10
−11 = 1.11 · 10−14 V√
Hz
VoutTheeq = VndoutTheeq ·
√
BWn = 4.85 · 1012V
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2.)Flicker and thermal noise of op-amp.
VTheop and VFlicop are treated separately. But in both examples (see Fig-
ure 2.24) the circuit is noninverting op-amp. And the output voltage for both
examples is calculated the same (see equation 2.33 and 2.32). Just with different
voltage noise source of op-amp.
Figure 2.24: TIA with op-amp noise sources on noninverting input.
VndoutVTheop
= VndTheop · (1 +
⏐⏐Zf ⏐⏐
Req
) (2.31)
VndoutVFlicop
= VndFlicop · (1 +
⏐⏐Zf ⏐⏐
Req
) (2.32)
Zf is defined in equation 2.30. Calculation contribution of thermal and flicker
noise of the op-amp is not as simple as for the photo-diode. From the graph of
ADA4530-1 voltage noise density vs. frequency which is shown on Figure 2.25 we
have evaluated the thermal voltage noise density of op-amp VndTheop and calculated
a flicker noise of op-amp VndFlicop .
We assumed that at low frequencies we have only the contribution of flicker noise.
From corner frequency fc, wher flicker and thermal noise densities are the same,
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we suppose that the contribution of thermal noise dominates. This simplification
is shown in the left graph of the Figure 2.25.
Figure 2.25: Symbolic voltage noise density which includes flicker and thermal
noise and voltage noise density of ADA4530-1 op-amp from datasheet.
Simplified calculation of flicker noise:
VndFlicop =
⏐⏐⏐⏐⏐ fcfsys
∫ fc
f0
(kf + n)df
⏐⏐⏐⏐⏐ (2.33)
where:
k is the slope of the line and it is -
3
2
nV√
Hz3
.
n represents the intersection of the graph with the ordinate axis (f(0) = n). It is
called a section on the y axis, or its initial value and for out case it is 170
nV√
Hz
.
fc is corrner frequency and it is around 400Hz
fsys is open loop gain bandwidth and it is around 10MHz.
VndFlicop =
⏐⏐⏐⏐⏐ 40010M
∫ 400
0.1
(−3
2
f + 170)df
⏐⏐⏐⏐⏐ = 4.7 · 10−12 V√Hz
At the optput of TIA we get the voltage due to flicker noise calculated form
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equation 2.34:
VoutVFlicop
= VndFlicop · (1 +
⏐⏐Zf ⏐⏐
Req
) ·
√
BWn (2.34)
VoutVFlicop
= 2.058 · 10−10V
We can tell from the Figure 2.25 thet the:
VndTheop = 15
nV√
Hz
VoutVTheop
= VndTheop · (1 +
⏐⏐Zf ⏐⏐
Req
) ·
√
BWn (2.35)
VoutVTheop
= 6.56 · 10−7V
Figure 2.26: Noise transfer function of thermal and flicker noise sources of
ADA4530-1 op-amp.
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3.) Thermal noise of feedback resistor.
The only source is noise voltage of feedback resistor. We assume that we
have three currents ICf , IRf and Ieq. The voltage at inverting input of op-amp
is for example x. Let’s now calculate the output voltage noise density due to
thermal noise of feedback resistor Rf .
Figure 2.27: TIA with Rf thermal noise density VndTheRf
.
ICf + IRf − Ieq = 0
(VndoutTheRf
− x) · sCf +
VndoutTheRf
− VndTheRf − x
Rf
− x
Req
= 0
Assuming the op-amp is ideal, we then get:
VndoutTheRf
=
1
1 + sCfRf
· VndTheRf (2.36)
The noise from feedback resistor Rf is also filtered with wp =
1
RfCf
= BWf
VndoutVTheRf
= 2.8 · 10−7 V√
Hz
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Figure 2.28: Noise transfer function of feedback resistor Rf .
VoutVTheRf
= VndoutVTheRf
·
√
BWn = 1.11 · 10−13V
Equivalent voltage noise at the output of the TIA is calculated from equation 2.37.
Voutnoise =
√
VoutTheRf
2 + VoutTheop
2 + VoutFlicop
2 + V outTheeq
2 (2.37)
Voutnoise = 6.06 · 10−7V
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2.2 Error of the output voltage and SnR
Rf = 10MW
Cf = 82pF
ADA4530-1:
Ib = 1fA
Vos = 8uV
Ios = 1fA
Photo-diode:
Rshunt = 1GMW
Constants:
kb = 1.308 · 10−23
J
K
= 8.617 · 10−5 V e0
K
is Boltzmann constant.
e0= 1.6 10
−19As
———————————————————————————————–
Ipd = 250n,@300K
V outnoise = 6.56 · 10−7V
V outDc = 8.02µV
V outpd = 2.5V
Vout = V outpd ± V outDc = 2.5V + 8.02µV
SnR = 20log(
Vsig
Vnoise
) = 131.56dB
Ipd = 1nA,@300K
V outnoise = 6.56 · 10−7V
V outDc = 8.02µV
V outpd = 0.01V
Vout = V outpd ± V outDc = 0.01V + 8.02µV
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SnR = 20log(
Vsig
Vnoise
) = 83.6dB
Ipd = 1pA,@300K
V outnoise = 6.56 · 10−7V
V outDc = 8.02µV
V outpd = 0.01mV
Vout = V outpd ± V outDc = 0.01mV + 8.02µV
Snr = 20log(
Vsig
Vnoise
) = 23.6dB
We can always make better SnR at the expense of smaller bandwidth. If
we want to rise SnR for 6 dB, we have to reduce the bandwidth (BW) four times.
This results in increasing the feedback capacitance for four times. New value of
capacitor is then Cfnew = 328pF ; than we might have the stability problems.
2.2.1 Tolerance of feedback resistor Rf
The feedback resistor Rf is important because it determines the system trans-
impedance. At the same time, the more accurate the resistor is, the smallest is
its contribution to the error at the output of the TIA.
Let’s look mathematical example:
U = R · I
U = (R± αR) · I = R · I ± αR · I
where:
α is tolerance of resistor. Let’s calculate the accuracy of measured voltage if α
is 0.01% or 1%, with feedback resistor Rf = 10MW and input current Ip is in
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range from [1n− 250n].
α = 1%
Uout(1n) = 0.01V +/- 0.1mV
Uout(250n) = 2.5V +/- 0.025V
ϵr = 0.01V
α = 0.01%
Uout(1n) = 0.01V +/- 1µV
Uout(250n) = 2.5V +/- 0.25mV
ϵr = 0.1mV
This error can be corrected by calibration. Because we know all the con-
tributions of errors to the output voltage, we can now measure output voltage of
all TIA channels, without photo-diode at input of the op-amp and then subtract
the calculated mistake. The difference in the voltage is the mistake due to
tolerance of feedback resistor Rf .
2.3 Data acquisition
Measurements will be performed with the National Instruments data acquisition
(NI DAQ) system model NI USB-6343. This device has 16 differential or 32
single ended analog inputs channels. We will use analog inputs that are protected
against an overvoltage condition [12].
NI DAQ important characteristics:
Input voltage range is from -10V up to 10V.
Analog to digital converter (ADC) resolution is 16 bit.
δUmin =
δV
216
= 0.305mV
Sample rate of single channel maximum is 500
kS
s
.
Time resolution is 10ns.
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Figure 2.29: Load impedance of one TIA channel, which represent input
impedance of NI DAQ Rl = 10GW and Cl =100pF .
Input coupling is DC.
CMRR is 100dB.
Input impedance is 10GW in parallel with 100pF .
Time constant of data acquisition is conditioned by charging and discharging
input capacitor of DAQ, with source and sink current of the op-amp. Let’s now
calculate the time of charging and discharging Cload. δU = 2.49V
Cload = 100pF
Isource = 15mA
Isinc = −30mA
————————————
e = U · C
de
dt
= dU
dt
C
I =
δU
δt
C
δtsource =
δUC
Isource
= 16.6fs;
δtsink =
δUC
Isource
= 8.3fs
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Figure 2.30: Sink and source current at output stage of ADA4530-1 with input
capacitance of DAQ.
Capacitive load stability
The ADA4530-1 can safely drive capacitive loads of up to 250 pF in any
configuration [3]. As with most amplifiers, driving larger capacitive loads than
specified may cause excessive overshoot and ringing, or even oscillation. A
heavy capacitive load reduces phase margin and causes the amplifier frequency
response to peak. Peaking corresponds to overshooting or ringing in the time
domain. Therefore, it is recommended that external compensation be used
Figure 2.31: Stability compensation with isolating resistor RISO.
if the ADA4530-1 must drive a load exceeding 250 pF. This compensation is
particularly important in the unity-gain configuration, which is the worst case
for stability. A quick and easy way to stabilize the op amp for capacitive load
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drive is by adding a series resistor, RISO, between the amplifier output terminal
and the load capacitance, as shown in Figure 2.31. RISO isolates the amplifier
output and feedback network from the capacitive load. However, with this
compensation scheme, the output impedance as seen by the load increases, and
this reduces gain accuracy [3] .
Since Cl of NI DAQ is 100pF and feedback capacitor is Cf is 82pF and the
equivalent load capacitance is then Cloadeq = Cf + Cl = 182pF and we do not
expect any problems, so we do not need RISO in out circuit.
3 Construction of a Printed Circuit
Board (PCB) for measuring
photo-diodes characteristics
After completing the simulations and choosing the right components, we contin-
ued with work in Altium Designer. There were two important considerations. A
significant amount of time was spent in finding the right shape, to have a symmet-
ric PCB, because with symmetry we get the same voltage offset on every channel.
Symmetric layout ensures the same impedance of high voltage traces. The other
main focus in constructing the PCB, was how to connect high impedance traces
in such a way that we would have as small leakage current as possible. Leakage
current also adds a measurement error to our output measured voltage, so it must
be minimized. In order to reach low leakage, we need to look for technique that
protect and isolate high voltage traces from unwanted phenomena.
3.1 Circuit schematic of all PCB parts
The whole printed circuit board (PCB) is designed on the basis of several under
circuits, as shown in block diagram of Figure 3.1. The input voltage Vin which
is 15V is converted to 10V at the output of the linear voltage regulator block
LDO1. LDO1 contains LT3042 step down voltage regulator. Output voltage
of LDO1 (10V ) is then used as a power supply for all sixteen op-amps. One
op-amp in each TIA block. The 10V is also transferred to another linear voltage
regulator, block LDO2. This block contains the LTC6655BHMS8-5V step down
regulator, which converts the voltage from 10V to 5V reference voltage. The 5V
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reference voltage is the input to all non-inverting input of all sixteen op-amps.
So it is connected to all TIA channels. In the middle of Figure:3.1 is a device
under test (DUT), which is powered with a 5V reference voltage. The DUT is
actually an additional PCB on which all sixteen photo-diodes are attached. A
non-inverting ADA4530-1 input, which is part of all TIA block, is connected to
each photo-diode. We have sixteen TIA blocks, each for one photo-diode. The
Figure 3.1: Block diagram of PCB.
output signal Vout from TIA is then connected to the output connector, block
DAQ1 and DAQ2 connector, to which UTP cables are connected. These are
cables for NI DAQ, which is the device to observe measured signals.
The next three pictures below show all schematic sheets created with Al-
tium. Figure: 3.2 shows the main schematic, that contains sixteen TIA channels
with connection to device under test (DUT), power supply section, DAQ
connectors, holes for attaching the metal box, and mechanical connectors which
are basically two holes on which the PCB will be fixed during measurements.
Figure: 3.3 shows trans-impedance amplifier (TIA) with three bypass capacitors
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Figure 3.2: The main sheet of schematic.
with value of 10n 100n 1u which filter the interference that is coupled from
outside to the power lines. Figure: 3.4 shows device under test with its power
Figure 3.3: First sub sheet with TIA and three bypass capacitors.
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connectors. These are actually holes for female header pins, on which chip with
photo-diodes are attached.
Figure 3.4: Second sub sheet which presents the adapter on which chip with
phot-diodes will be placed.
3.2 Component layout and connection
Before we started setting up and connecting components we decided that PCB
with four layers is needed. The components are placed on top layer. The next
important thing is physical implementation of guarding technique. The main
goal of guarding is to completely surround the insulation of the high impedance
nodes with another conductor that is driven to the guarding voltage. A guard
ring is a structure typically used to implement the guarding technique on the
surface of the PCB and in our case also on bottom layer.
The simplified layout of the TIA circuit with guard rings around the high
impedance (A) trace is shown on Figure 3.5. The left half of the feedback resistor
Rf (2) and feedback capacitor Cf (3) are connected to the high impedance node.
The guard ring shape is extended around these passive components to ensure
that the entire high impedance node is surrounded with guard. The guard ring is
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directly driven from the ADA4530-1 guard buffer Pin 7 as shown on Figure 3.5.
The guard voltage in the TIA circuit is nominally equal to the B voltage [3]. A
Figure 3.5: Implementation of guard ring. I) Drawing from datasheet, II) PCB
picture from Altium Designer and III) Actual photography of finished PCB.
guard plane is a structure used to implement the guarding technique through
the bulk of the PCB. The cross section of the structure of the guard plane is
shown on a Figure 3.6. The guard plane is filled with copper shape that is placed
directly below high impedance (A) trace. (See Fig. 3.6 I) ) It is connected to
the agnd of the circuit.
Figure 3.6: Implementation of a guard plane. I) Drowing from the ADA4530-1
datasheet, II) Pictures of top and bottom guard plane III) actual photo of a PCB.
The solder mask on top layer is removed from the high impedance and guard
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traces to ensure that there is no electrical contact with any surface leakage
paths. On the bottom side we made just cut out around TIA channel and the
guard plane. It is also very important that there are no connections and copper
surface connections to some potential around high impedance traces and also in
between. Therefore, we made a keep out track on all four layers, which prevented
Figure 3.7: 4-Layers arrangement.
the potential of a certain layer from reaching under or around the TIA and high
impedance connections. We decided to pour GND on the top layer and connect
the second polygon to a 5V reference voltage of ADA4530-1 op-amp. The third
layer is again GND. The bottom layer, however, is flooded with a 10V supply
voltage that powers the operational amplifiers. See Fig 3.7.
The Figure 3.8 shows a TIA PCB measuring circuit. From a) to d), all
four layers are shown in order from top layer which is red, to bottom layer
which is blue. On e) and f) there is a 3D view of a PCB circuit. Of first
impression, the circuit is of interesting shape, and might appear more art-like
than functional. Our goal is to create as symmetric circuit as possible, to make
all sixteen connections from the inverting input of op-amp to photo-diode (DUT)
as short as possible and of the same length. This is due to the presence of
the measurement error, because with different length of traces we get different
crosstalk and leakage and consequently different offsets on TIA output voltage
channels.
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(a) (b)
(c) (d)
(e) (f)
Figure 3.8: TIA measurement PCB. a) Top layer. b) Second Layer. c) Third
layer d) Bottom layer. e) Top layer 3D view of PCB in Altium designer. f)
Bottom layer 3D view of PCB in with Thorlabs rotational stage.
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I first applied a soldering mask on top surface of the printed circuit board
(PCB). I then manually place all components. At the end, I put the PCB with
all components, except the resistors in the re-flow oven, where all the components
(except Rfs) were permanently attached. This is also called re-flow soldering.
Figure 3.11 shows the main parts of made PCB. To protect the PCB from external
Figure 3.9: From applying solder paste, manually laying components to reflow
soldering.
interference, we made an aluminum box (see Figure 3.10) and protect the circuitry
from external electrostatic interference (does not reduce magnetic interference).
High impedance connections are so sensitive that they can feel the change in
pressure for example, caused by the movement of the hand. So it is very important
that the PCB in placed in good shielded box.
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Figure 3.10: Protecting box for PCB.
Figure 3.11: PCB with main parts.
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4 Measuring photo-diode transfer
function with Knife edge experiment
Image quality is one of the most important characterizcs for all image sensing
systems and the modulation transfer function (MTF) is a common metric used
to quantify it [13]. The MTF is a measure of the image sensor’s ability to resolve
a contrast at a particular spatial resolution. The MTF quantifies the overall
imaging performance of a system in terms of the resolution and the contrast [5].
Knife-edge technique consists in imaging a sharp transition strictly aligned with
the detectors in out case photo-diode edge. By taking the response of the line
perpendicular to the edge, the device Edge Spared function (ESF) is calculated.
The response of a single line give an under-sample ESF, so by combining response
Figure 4.1: Diagram of calculation different optical functions.
of multiple lines with a slightly different position of the edge (slanted edge) the
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sampling of the ESF becomes much better. LSF is the derivative of the ESF. By
performing a Fast Fourier Transform (FFT) of the LSF we get Optical transfer
function (OTF). Finally, the MTF of sensor is the normalized modulus of the
OTF. The Knife edge method is scanning one photo-diode at a time.
4.1 Sensor description and measurement principle
The device that will be measured is a linear sensor with an array of 16 x 1 photo-
diode. The pixel size is 8 · 1000 µm2. The knife edge experiment is performed
with general purpose (GP ) photo-diode. Figure 4.2 shows an array of sixteen
photo-diodes and aligned light source with photo-diode edge that we want to
achieve during our measurement. The biggest difficulty in this experiment is to
create the image, which is large enough to cover the pixel uniformly, and to align
the edge of a photo-diode with the knife edge with high angular resolution [16].
For example, one degree angular misalignment would cause crosstalk between
photo-diodes and would thus underestimate the MTF substantially. Crosstalk is
Figure 4.2: Measurement principle.
described as the relative amount of the signal generated within one photodiode
that is detected in one or more neighboring photodiodes. The ideal lateral re-
sponse of a point illuminated photo-diode is Dirac impulse located at the point
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of illumination. In reality, the photodiode response is Gaussian due to the op-
tical and electronic crosstalk which can extend beyond the lateral boundaries of
the illuminated photodiode. The possible sources of crosstalk in image sensors
are; optical crosstalk due to diffusion of the incident light as it reflects from the
metal on the sensor surface, optical crosstalk due to reflection, diffraction and
reflection of light inside the device structure, optical crosstalk due to the angle of
incident light and electrical due to photo-generated charge carriers that migrated
to neighboring photo-diodes [14] .
Our first task is to build the opto-mechanical system. For that, we need com-
puter, two motor controllers, National Instruments acquisition system (DAQ),
linear system, and mechanical system, our PCB with sixteen TIA channels, led
source and power supply. The block diagram of the knife edge experiment to
Figure 4.3: Knife edge block diagram.
perform the measurements of the photo-diode is presented in Figure 4.3 and the
photography of the entire system is presented in Figure 4.4. Knife edge experi-
56 Measuring photo-diode transfer function with Knife edge experiment
ment is made for laboratory use and each component has its own purpose. The
function of each element of the measurement set-up of Figure 4.4 is explained
bellow:
Figure 4.4: Knife edge measurement set up.
 Computer or. laptop (A)
It controls the position of the motor controllers. We wrote a program in
LabVIEW to accurately move LED (light emitting diode) and lens by 1µm
and store measured output voltage of TIA with NI DAQ. Figure 4.5 shows
part of the program and interface of written program in LabVIEW.
 Motor Controllers (B)
They move the linear system in the x and y directions. Optical system is
attached to the linear system and moves with it. By changing the position
of the linear system, we change the position of the light.
 National Instruments data acquisition (NI DAQ) (C)
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Figure 4.5: Program in LabVIEW.
It captures the voltage from the TIA outputs. It is included in LabVIEW
DAQ PCB interference.
 Power supply (D)
Powers the PCB and LED.
 Linear system (E)
It consists of two linear translation stages. The linear system moves with
the help of motor controllers.
 Led source with optics (F)
We use a red LED with 640nm wavelength as a light source. The optics is
built from extra lenses and the edge slit. The optics is covered with a box,
because we perform experiment in darkness.
 Mechanical system (G)
A PCB is attached to it. It consists of three parts, which make possible
that the PCB can move in three perpendicular directions. Whit mechanical
system we can achieve good alignment of light with the edge of the photo
diode.
 PCB (H)
With PCB (H) we measure voltage from sixteen TIA channels. Each time
light system moves for 1µm, we wait for 100ms and then acquire the voltage
from all sixteen channels.
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 Sampels (I)
These are adapters on which photo-diodes are bonded. Each photo-diode
is bonded on its own pad like shown on Figure 4.6.
Figure 4.6: Each photo-diode is bonded on one pad.
4.1.1 LED source, lens and slit
The most important part of the optical system is edge slit. It is very important
that the edge is as sharp as possible due to the diffraction of light. Diffraction
refers to physical phenomena that occurs when a wave encounters an obstacle or
a slit. It is defined as the bending of waves around the corners of an obstacle
Figure 4.7: The entire optical system.
or through an aperture into the region of geometrical shadow of the obstacle.
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The diffracting object or aperture effectively becomes a secondary source of the
propagating wave lit.
The elements of the entire optical system are shown on Figure 4.7; they are:
1.)Lens tube.
2.) Red LED.
3.) Lens with adapter.
4.) Slate edge with adapter.
5.) Retaining ring, with them we attached the aromatic lens into the tube.
6.)Acromatic lens
If the edge surface is sharp and straight, than we will get good transition
from red to dark. We should certainly be aware that in reality it is impossible
to get an infinitely sharp edge and also the ideal Heaviside function of a light,
which lead to the first source of error in measurement of Knife edge experiment.
However, if the edge is rough, an additional physical phenomenon known as
interference occurs. In the experiment, we used a red LED source of 650nm.
Figure 4.8 shows three pictures. First is the pattern of LED, second in pattern
with LED and lens with focal length of 6.24mm, that makes the light from LED
homogeny. The third picture presents the pattern of light from the whole system
that is shown on Figure 4.7.
Figure 4.8: Patterns of LED, LED with lens, and the last is the rectangle which
we get from the whole optic system.
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4.1.2 Measurement result
With the optical system attached to a linear system that moves with the help
of motor controllers controlled by LabVIEW program, we move the edge of light
across the surface of the photo-diode array. That is shown on Figure 4.9. The
Figure 4.9: Adapter with photo-diodes and the light source befor experiment.
more the light edge is aligned with the edge of the photodiode, the fastest response
we should get. So the step response from minimum voltage to maximum voltage
Figure 4.10: Ideal response of one photo-diode using the Knife edge experiment
with edge alignment as it presented on Figure 4.2.
should happen within 8µm if the system is ideal, because one photo-diode length
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is exactly 8µm (see figure 4.10).
Let’s now look to our first measurement. We have considered three different
topologies of photo-diodes made in the same technology. Design and topology
is the secret of Renishaw d.o.o. Therefore, we will refer to the different photo-
diodes as topology x, topology y and topology z. First measurements were done
with the topology x. Figure 4.11 shows the measurement of all sixteen photo-
diodes scanned with complete width of light rectangle sown on Figure 4.8. From
Figure 4.11: First measurements of topology x.
this measurements we can read the width of light pattern which is near 2mm.
Some channels have bigger gain than others. This can be due to electric field in
substrate in photo-diode. However, if all other two topologies will have the errors
in the same channels, we know that this is due to errors describe in Chapter2. If
the other two topologies won’t have bigger gain on this channels, then the error
exists from topology of the photo-diode. For Knife edge experiment we need
at list four neighbor photo-diodes. So the next thing that we had to do, was
measurement of voltage offset on all TIA channels. During this measurement,
photo-diodes were exposed to daily light. From measurement of voltage offset
we decided that we will take channels from eight to eleven, because they are in
sequence and have almost the same voltage offset(see Table 4.1).
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Table 4.1: Offset on TIA channels for topology x.
Channel Voltage [mV]
0 0.014
1 0.032
2 0.024
3 0.017
4 0.021
5 0.007
6 0.017
7 0.036
8 0.015
9 0.016
10 0.018
11 0.015
12 0.017
13 0.028
14 0.023
15 0.030
Figure 4.12: Measurements of four neighbour channels and zoomed area of first
edge.
Then we calculated line spred function for on channel or for one photo-diode
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(see Figure 4.13). From zoomed plot on Figure 4.12 and from line spread function
Figure 4.13: Edge spread function on left and the line spread function on right.
presented on Figure 4.13 we can see, that the step response of photo-diode
happens in 100µm which is 100 times bigger than expected. Our first thought,
was that the slit of the light is not correctly aligned with the edge of photo-diode.
We tried different settlements, but we did not get considerable difference.
Than we continue with measurements of other photo-diode topology y.
Whit these measurements we see that the TIA channels are working correct,
because we get almost the same step response on all fourteen channels, except
on edge channels the gain in bigger. Designers of photo diodes said that this can
be due to photo-diode topology.
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Figure 4.14: Knife edge measurements of topology y.
With topology y we also made a different alignments. We try to place the slit
as perpendicular to photo-diodes as possible and then we made the automatized
measurements. We set the three perpendicular surfaces with the mechanical
system.
First three measurements were done with rotation around z axis for 0.083° which is
the smallest step of our used rotator. Second and third column are measurements
of incline PCB with photo-diodes around x and y axis for 1”. The results are
shown on Figure 4.15. We take reference voltage 5.02 and 5.06 for easier readings
and comparison between different settlements. We than measure the length in
witch step response happens. However, we can see that changes are still small
camper to what we would like to achieve.
This method is good if the whole system would be automatized, and the program
in LabVIEW will automatically rotate the mechanical stages and do the scanning
for each alignment. But unfortunately we did not manage to get the desired
results.
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Figure 4.15: Measurements done by rotating the PCB with photo-diodes.
With the Figure 4.16 we want to show that different topologies of photo-diode
can produce different amount of current from the same light power. Measure-
ments were don with the same light power and the same distance from lens to
cheap. The first plot is topology z, second is topology y and the third is topology
w. From this point of view, the topology z is the best.
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Figure 4.16: Three different topologies of photo-diodes. First is topology z,
second is topology y and third is topology w measured at the same light power
and at the same length from optical system to photo-diodes.
5 Measurement of dark current
One of most important things is knowing temperature dependence of photo-diode.
They are part of light sensors, which is built in bigger system. Operational time
of this system can be long and the system with photo-diodes is typically heated.
So, it is important that we measure thermal dependence of a dark current for
Figure 5.1: Set up for measurement of dark current.
new manufactured photo-diodes. Setup for dark-current measurement consists
of temperature chamber, photo-diode sample, photo-diode connector, PCB with
16 channels of TIA for differential measurement, power supply source, program
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written on laptop for automatisation of measurements and two multimeters. One
is for the measurement of temperature and the other for voltage (see Figure 5.1).
The experiment is made in such a way that only the chip with array of photo-
diode is placed in temperature chamber (see Figure 5.2). Photo-diode have to be
measured in complete darkness in the temperature chamber, so that the current
generated is not due to energy from the light. Cables from photo-diodes to
Figure 5.2: Photo-diode in temperature chamber attached on adapter on which
the thermos coupler in mounted.
TIA are shielded, so that measurements are not corrupted by interference from
surrounding. TIA is outside of the temperature chamber and also shielded with
aluminum box. All sixteen photo-diodes are bonded on one pad (see Figure 5.3),
so we are basically measuring one channel of TIAwherw sixteen phot-diodes are
connected in parallel. Measured voltage from this channel is due to dark current
Figure 5.3: All sixteen photo-diodes are bonded on one pad and connected to
one TIA channel.
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generated in all sixteen photo-diodes. At the end, the measured voltage is divided
by 16. In this way we calculate avarage dark current on one photo-diode. From
symulations the dark current generated from one photo-diode is in range of pA
range and we could not measure it with our measurement system. Temperature
in chaimber goes from 25°C to 125°C. First the temperature in the chamber is
set, then program waits for 10 minutes that the cheap with photo-diodes is evenly
heated. Then the measurement is taken. After that, temperature is increased for
5°C and the procedure is repeated. Figure 5.4 shows the measurement of dark
current.
Figure 5.4: Measurement of a dark current.
Parts of measurement system:
1) Temperature chaimber (A).
2) Photo-diodes (B).
3) PCB with TIA channels (C).
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5.0.1 Results of experiment
Employees of company Renishaw d.o.o have done dark current simulations for
three different photo diode topologies. Topology and everything related to pho-
todiode production is a intellectual property (IP) of the company. Because of
that, we named the photo-diodes; technology a, technology b and technology c.
The following three graphs show simulation (black line) and measurement (red
line) for three different technologies. Measurement of dark current noise also in-
Figure 5.5: Simulation and measurement of a dark current for technology a, b
and c.
cludes 1/f noise, thermal noise, and shot noise as we described in Chapter 2. All
this noise sources should be analyzed separately in order to clarify their relative
impact on the output-referred noise of this measurement current. These measure-
ments were made to show that the measurements are near simulations. But we
do not know for sure what is the main source of the mismatch. It takes further
work and understanding to clarify the exact cause of the mismatch.
6 Conclusion
We think that PCB is good enough to measure the Knife edge experiment. But
some improvement on measurement system and optics had to be done if we want
to get the step response near 8µm. We do not expect to get the ideal step response,
but due to crosstalk and leakage current we somehow expect step response to
happen in 10µm or 15µm. First suggestion is that the box from cardboard which
protects the photo-diodes from sounding light should be painted in black and
some protectors around photo-diode should have been place to ensure that we do
not get any reflection from surrounding elements to photo-diodes surface. The
next thing that should be done is to look the slit edge of the light under a high
quality detector. The transition of red to dark should happen in 1µm and then
the alignment won’t be a problem. Also some work should be done on optical
system. One suggestion is also to scan the slit light on this high quality detector
to see where is the best focus of edge. Not necessary but a suggestion is to change
the position of mechanical system. We think that it would be better to set the
mechanical system on z surface, because the adjustments of angels will be easier.
We also suggest to increase the measurement at one position to reduce noise from
LED and any other noises that may contribute to this measurements.
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